In six normal volunteers maintained on a constant dietary intake, serial studies were made of plasma renin activity, blood volume, aldosterone secretion and sodium balance, first following dietary and diuretic-induced depletion of sodium and blood volume, then following a period of sodium repletion during a maintained reduction in blood volume, and finally after blood volume repletion. In the first phase, during which depletion of blood volume paralleled sodium depletion, renin and aldosterone secretion were both increased. Under the circumstances of a subsequent study period, however, it was possible to separate the effects of sodium depletion from those of reduction in total blood volume. In this period, the administration of sodium chloride was associated with an increased urinary sodium excretion and a marked suppression of plasma renin and aldosterone secretion at a time when total blood volumes were maintained below control values by repeated plasmapheresis and phlebotomy.
In the first phase, during which depletion of blood volume paralleled sodium depletion, renin and aldosterone secretion were both increased. Under the circumstances of a subsequent study period, however, it was possible to separate the effects of sodium depletion from those of reduction in total blood volume. In this period, the administration of sodium chloride was associated with an increased urinary sodium excretion and a marked suppression of plasma renin and aldosterone secretion at a time when total blood volumes were maintained below control values by repeated plasmapheresis and phlebotomy.
This sodium-dependent suppression of renin and aldosterone secretion may have been mediated by an expansion in extravascular fluid volume(s). However, the observed effects are perhaps better explained in terms of an induced change in intrarenal tubular sodium transport. The parallelism observed between the changes in renin and aldosterone secretion suggests that under the conditions of these studies renin plays a major role in regulating aldosterone secretion.
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• A variety of influences affect the release of renin by the kidney. Among these are acute changes in renal perfusion pressure, alterations of renal neural activity, ureteral clamping, renal vasoconstriction, changes in blood and extracellular fluid volume and the state of sodium balance. It has been postulated (1) that all of these have in common as a basic This work was supported by U. S. Public Health Service Grants HE-01275 and HE-05741 from the National Heart Institute. Dr. Hillman's present address is Department of Medicine, University of Washington, King County Hospital, Seattle, Washington 98104.
Received January 7, 1969 ; accepted for publication October 2, 1970. mechanism of action either (1) stimulation of the granular juxtaglomerular cells located in the walls of the afferent arterioles by changes in the transmural pressure across these vessels, or (2) stimulation of the macula densa cells of the juxtaglomerular apparatus located at the end of the loops of Henle by some alteration in available sodium at this site.
In situations of physiologic change such as hemorrhage which activate renin secretion, alterations of blood volume and of sodium balance generally occur in parallel. Hence it is difficult to determine whether the predominant stimulus to renin release is related to a reduced blood or extracellular fluid volume or is some other consequence of altered sodium balance, possibly sensed within the kidney at the macula densa region.
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The present study was designed to try to separate the effect of sodium depletion from that of blood volume reduction as a determinant of renin and aldosterone secretion. To achieve this, normal human subjects were depleted of both sodium and blood volume by dietary salt deprivation and the administration of diuretics. The subjects were then repleted with sodium during which time their blood volumes were held at subnormal levels by serial plasmapheresis or phlebotomy, or both. In a final study period their blood volumes were also restored to normal.
The trends observed in these studies suggest that both renin and aldosterone secretion can be suppressed by sodium repletion even when total blood volume is maintained below normal.
Methods
EXPERIMENTAL DESIGN
Six fully informed healthy male volunteers ranging in age from 22 to 42 years served as the experimental subjects. The protocol was divided into six periods: I, control; II, low dietary sodium; III, low dietary sodium plus diuretic; IV, low dietary sodium plus potassium repletion; V, sodium repletion while maintaining the reduced blood volume with plasmapheresis or phlebotomy, or both; VI, blood volume repletion together with a normal sodium intake. All six subjects were maintained throughout the study under metabolic ward conditions on a constant, calorically adequate low sodium (15 mEq/day) diet to which was added 5 g NaCl for 3 to 4 weeks (period I). Following this, four of the subjects (M, Hy, Hu, G) underwent, in sequence, 7 days of low sodium intake by the removal of the added NaCl (period II), 7 days of further sodium and volume depletion by the administration of 120 mg/day of furosemide (period III), and 5 days of potassium supplementation (150 to 250 mEq KCL orally/ day) in amounts sufficient to assure that any potassium deficiency induced by diuretic administration would be corrected (period IV). During Periods III and IV the low sodium diet was maintained so that at the end of period IV the subjects were depleted of both sodium and of extracellular fluid volume but were in normal potassium balance, as indicated by the serum and urinary potassium values. A positive sodium balance was then induced (period V) by the oral administration of sodium chloride (185 mEq/day for 6 days). During this 6-day period, blood volume was reduced by serial plasmapheresis and phlebotomy. Thus, in these four subjects whole blood (totalling from 5,065 to 5,410 ml) was withdrawn into sterile bags and then after separation from the plasma most of each subject's red cells were reinfused on the same day or on a subsequent day. However, because of the tendency for plasma refill, as much as from 570 to 900 ml of red cells were not reinfused during period V to maintain an appreciable reduction in total blood volume. Finally (period VI), each subject's blood volume was re-expanded with an amount of his own stored plasma (950 ml to 1,210 ml) and the amount of remaining red cells (500 to 680 ml) estimated to return his blood volume to his control level. In all four subjects, fewer red blood cells were returned than had been withdrawn. This was partly due to small losses in tubing and in some instances additional amounts were withheld to avoid undue overexpansion.
Similarly, after a control period (period I) the other two normal subjects (K and R) underwent in sequence 9 days of low sodium intake (period II), 4 days of a low sodium diet combined with the administration of 2 g of chlorothiazide per day (period III), and 5 days of a low sodium diet plus 200 to 300 mEq of potassium chloride replacement (period IV). During the next 24 hours (period V), sodium repletion was achieved by the intravenous infusion of 247 to 390 mEq of isotonic saline. Concomitantly, the blood volume was maintained at levels below control values by an initial phlebotomy of 875 to 950 ml. Blood volume was subsequently expanded (period VI) by reinfusion in each subject of most of his own blood plus 25 g of sodium-free albumin.
Metabolic ward procedures and the analytical methods for blood and urine measurements have been described previously (2) . Measurements of aldosterone secretion and renin activity were made at the end of each period. Aldosterone secretion rates were determined using a doublelabel isotope dilution method (3). Blood for renin measurements was collected before the subjects arose in the morning, and plasma renin activity was determined by a modification of the method of Pickens et al. (4) . Plasma volume was measured at the end of each period with lal Ilabeled albumin (RISA) and its theoretical volume of distribution was calculated by extrapolation to zero time of data from samples collected at 10, 15, 20, and 25 minutes (5). Red cell volumes were determined using a standard 51 Cr technique and the total body hematocrit/ venous hematocrit (TBH/VH) ratio was calculated for each subject once at the outset of the study. Subsequently at the end of each period, blood volumes were calculated from the measured (RISA) plasma volumes and venous hematocrits using that ratio. During the stage of plasmapheresis and phlebotoCirculaHon Research, Vol. XXVII, December W 0 BLOOD VOLUME, RENIN AND ALDOSTERONE Letters in parentheses represent individual subjects.
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Summary of Results
Period
my, blood volumes were calculated twice daily by following the venous hematocrits and the weighed volumes of plasma and red cells removed or restored. Hematocrits were checked in quadruplicate at each sampling. Because of the marked tendency of each subject to reform plasma, it was often necessary to hold back some red blood cells to keep the total blood volume at a reduced level; hematocrits did not fall below 28£, however.
None of the subjects had diarrhea, and sodium losses in the stool and sweat were not measured.
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However, because the kidney is the primary vehicle for the excretion of sodium ions, the cumulative differences between daily dietary intake and urinary values, minus a fixed daily allowance of 10 mEq for "insensible loss," was used to indicate the state of sodium balance. Serum electrolytes were also measured daily and those results are discussed where applicable.
The results were analyzed using the method of analysis of variance of paired samples with each subject serving as his own control. 
Results
The results for each subject are summarized in Table 1 and Figure 1 . Table 2 lists the differences in mean values from period to period and presents respective statistical significances, based on an analysis of paired samples. Control values (period I) for blood and plasma volume, urinary sodium excretion, plasma renin activity, and aldosterone secretion were within normal limits (Table 1) . Following dietary sodium deprivation (period II), negative sodium balances ranged from 75 to 147 mEq (P<0.001) and the measured blood volume decreased slightly but consistently by a decrement of 213 ml (P<0.05).
The aldosterone secretion rate of each subject rose significantly with a mean increment of 173 y^g/24 hours (range 77 to 252) (P < 0.01).
When continued dietary sodium restriction was supplemented by the daily administration of diuretics (period III), urinary sodium excretion increased and led to a further mean decrease in sodium balance of 191 mEq (range 77 to 305) (P<0.01). Mean blood volume was reduced further by 141 ml. This was accompanied by a mean increment in aldosterone secretion of 479 /xg/24 hours (range 212 to 1,348) (P<0.05). By the end of this period as compared with the control state, the mean aldosterone secretion rate had risen by a mean increment of 652 /xg/24 hours (range 289 to 1,556) (P <0.05), mean plasma renin activity increased by 22.3 ng-mH-4 hours incubation-1 (range 7.2 to 36.7) (P<0.05). Mean negative sodium balance was 300 mEq (range 152 to 398) ( P < 0.001) and blood volume had decreased by a mean of 355 ml (range 40 to 950) (P<0.05) from the control value. The potassium loss produced in the subjects by diuretic administration was reflected in a reduction of plasma potassium concentration from control values of 4.4 ± 0.8 to 3.4 ± 0.5 mEq/liter.
In period IV, potassium deficits induced by diuretic administration were replaced with oral potassium chloride solutions until plasma potassium concentrations and rates of the urinary potassium excretion of the subjects equalled or exceeded that observed in the control periods. Mean plasma K + rose from 3.4 to 4.9 mEq/liter. During period IV, a low sodium intake was maintained. The extremely low urinary sodium excretion of all the subjects throughout this period (mean < 1 mEq/day) is evidence that they remained in a state of sodium depletion, although the calculated sodium balance showed a slight increment of 20 mEq (range 15 to 25). Mean blood volume and aldosterone secretion rate rose slightly but insignificantly during this period and there were variable but insignificant changes in plasma renin activity. By the end of period IV, all subjects had sustained highly significant net losses of sodium (range 127 to 376 mEq) (see Tables 1 and 2) , and the mean blood volume had also declined 221 ml (range 40 to 500) from each subject's own control value (P < 0.001). These changes in sodium balance and blood volume were accompanied by highly significant increases in renin activity and aldosterone secretion (P < 0.01, P <0.001, respectively).
In period V, after oral or intravenous administration of sodium chloride, sodium balance was rendered positive by a mean increment of 314 mEq (range 198 to 398) (P < 0.001). Concomitantly, both plasma renin activity and aldosterone secretion rates fell significantly and impressively (P<0.05 and ii" E a g » "5. This reversal of the high rates of both renin activity and aldosterone secretion in response to induced positive sodium balance occurred despite the fact that the mean blood volume was simultaneously further reduced by 415 ml (range 0 to 1000) below that recorded in the preceding period IV (P <0.01). At the end of period V, while absolute mean blood volume was 636 ml lower than its control (P<0.05), the levels of sodium balance and renin and aldosterone secretion were not significantly different from the original control values. Even though total blood volume was significantly reduced during the period in which phlebotomy was combined with saline administration, changes in plasma volumes did not always follow the changes induced in total blood volume (Table 2) . Thus, while phlebotomy induced a consistent and significant fall in total blood volume in period V, the changes induced in plasma volume in this period were not significant. However, the two subjects who were studied for a shorter period (K and R) exhibited a parallel fall in both the total blood volume and the plasma volume. In these two as well as in the others, renin and aldosterone secretion were markedly depressed by saline administration. The tendency in the other four subjects for plasma volume to actually increase may be explained by the observed capacity for refill to occur during these more prolonged studies.
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The reinfusion of blood and plasma in period VI increased the mean blood volume by 856 ml (range 450 to 1400). This was accompanied by a considerable rise in urinary sodium excretion and by further slight decrements in renin activity and aldosterone secretion (see Table 2 ). At the end of period VI, urinary sodium outputs slightly exceeded those recorded during the control periods, but aldosterone and renin measurements were not significantly different from the control determinations. Total blood volume showed an expansion over control of 220 ml (P<0.05).
Discussion
In these experiments, as in a number of previous reports, dietary and diuretic-induced sodium depletion produced highly significant and parallel increases in plasma renin activity and in aldosterone secretion rates. However, in this study these effects were also related to significant decrements in both total blood and plasma volume. Because in the first phase of the study blood volume reduction paralleled sodium depletion, it was not possible to distinguish which of these two influences might have been more critically involved in signalling the increased secretion of renin and aldosterone.
However, during period V when blood volume was further reduced at a time when sodium balance was actually rendered positive, renin and aldosterone secretion were both returned to normal. Therefore changes in renin and aldosterone secretion could still be related inversely to sodium balance but now could also be dissociated from a concurrent alteration in blood volume which would be expected to exert an opposite influence on renin and aldosterone. These results strongly suggest that, at least under the circumstances of this study, some function of a change in overall sodium balance, apart from its influence on the total intravascular volume, was of prime importance in activating and suppressing renal renin secretion.
The problems of the factors involved in the physiologic control of renin release have been the subject of extensive investigation and debate (1, 6) . Renal sympathetic nerves have been shown to modify renin secretion in acute studies involving hemorrhage insufficient to cause arterial hypotension (7); however, transplanted, denervated human kidneys respond normally to sodium deprivation with respect to renin release (8) . Because of the latter observation, the role of renal innervation can possibly be assumed not to be of primary significance in the present relatively long-term investigation.
Variations in arterial pressure may affect renin secretion. This may be mediated directly by acting on baroreceptors in the afferent arteriole or indirectly by changes in the intrarenal handling of sodium. However, in the present study; fluctuations in blood pressure measurements from period to period were within the range of those noted in the control observation. Under certain circumstances (1), changes in plasma sodium concentration may modify renin secretion but there were no significant changes observed in plasma sodium values in the present study.
It has been assumed that changes in sodium balance affect renin and aldosterone secretion through induced changes in the blood volume. However, there are very few data available to actually describe this relationship. Early studies by Bartter and his associates (9) provided evidence for an inverse relationship between the extracellular fluid volume and aldosterone secretion. This group also found (10) that expansion of the plasma volume with salt-poor albumin caused suppression of aldosterone secretion in sodium-depleted subjects. More recently, two reports of Meyer (11, 12) and his associates have claimed that diuretic-induced renin stimulation in man could be lessened by the prior administration of salt-poor polyvinyl pyrollidine and that the furosemide-induced stimulation of renin secretion in rabbits could be prevented by concomitant massive intra-and extravascular expansion of the animal with either saline or salt-poor albumin. On the other hand, in sodium depleted sheep, plasma volume expansion with salt-poor albumin or dextran failed to normalize aldosterone secretion while saline infusions were effective (13) . Nonetheless, taken altogether, these reports suggest that plasma volume expansion can operate to suppress aldosterone and renin secretion. The present study is not necessarily in disagreement with these observations. But our work demonstrates additionally that renin and aldosterone secretion can be suppressed by changes in sodium balance in the absence of blood volume expansion. A common denominator for these various observations may be the changes induced in renal sodium excretion because, in the study reported by Bartter as well as in our study, the suppression of renin and aldosterone secretion was always accompanied by an increase in sodium excretion; even though in the present study blood volume was reduced whereas in that of Bartter blood volume was increased. From a conceptual standpoint our data perhaps support the macula densa theory for the control of renin secretion and question the hypothesis that blood volume changes per se act on a baroreceptor to influence renin and aldosterone secretion.
While our data argue against intravascular volume per se as being of major importance in the control of renin secretion, they do not permit a distinction between the influence of a sodium-dependent intrarenal mechanism as opposed to change in extrarenal extracellular fluids, either or both of which might well be consequent to the positive sodium balance. However, it seems unlikely that extracellular fluid volume would remain expanded in the face of a reduced intravascular volume. The tendency to plasma refilling observed in our study supports this view.
Vander et al. (14) (15) (16) have studied renin release as mediated by various diuretics under normotensive and hypotensive situations. These combined results together with the work of Nash et al. (17) point to a mechanism involving the sodium load presented to the macula densa area. Such a mechanism may also be closely linked to changes in intrarenal interstitial volume (18) and changes in the distribution of intrarenal blood flow (19) . The changes observed in urinary sodium excretiop in our studies would be entirely consistent with an intrarenal, sodium-oriented mechanism of renin control. However, they do not afford a distinction between an influence of sodium load or that of sodium transport at a macula densa site because with sodium depletion, both might be expected to decrease and with sodium replacement, both would increase.
The present experiments illustrate that sodium can be freely excreted in the presence of a lowered total blood volume if the size of the extracellular space is maintained. To comple-ment this observation, other studies (20) have shown the absence of natriuresis after expansion of blood volume unless extracellular volume was also increased. It therefore appears that expansion or contraction of the extracellular space is a more important determinant than the blood volume of whether or not natriuresis will occur. Expansion of the renal peritubular interstitial space in particular (18) together with associated changes in the hematocrit and plasma protein concentration may be finally involved in mediating this increased renal sodium excretion.
In the present study there was a remarkable serial parallelism between the changes observed in plasma renin activity and aldosterone secretion. Such observations are in keeping with the view that renin is the major factor in regulating aldosterone secretion. They provide no support for the idea that other factors (21) may be more important.
